ABSTRACT For pond-breeding species, the distribution of larvae is a reflection of habitat suitability and adult breeding site selection. Some species preferentially breed in ephemeral ponds, which can provide benefits for larvae. An alternative strategy used by adults to increase offspring survival is to detect aquatic predators and avoid them when selecting breeding sites. We investigated whether either of these types of breeding site selection are contributing to the negative correlation between the distributions of tadpoles of the threatened green and golden bell frog (Litoria aurea) and the introduced eastern gambusia (Gambusia holbrooki) in Sydney, Australia. From 2003 to 2012 we drained ponds to temporarily remove gambusia and examined the effect of removal on the numbers of male, female, and juvenile frogs, and tadpoles. We found that males preferentially selected fish-free ponds as breeding sites. In addition, the removal of gambusia increased tadpole abundance to over 140 times that of an undrained pond. Pond draining did not influence female or juvenile abundances. The ability to detect and avoid gambusia may be mitigating the effect of predation to a certain extent. We conclude that pond draining to remove exotic fish is an effective strategy that can be used to greatly increase the reproductive success of this and potentially other threatened amphibian species in the presence of exotic predators. Ó 2017 The Wildlife Society.
The distribution of a population across a landscape results from a complex set of interactions with competitors, predators, and abiotic conditions (Wellborn et al. 1996) . For pond-breeding species with biphasic lifecycles, the location of larvae is a reflection of habitat suitability and breeding site choice by adults (Chesson 1984 , Resetarits 1996 . Natural selection should favor individuals that maximize offspring survival by identifying and choosing to breed in ponds that provide ample resources for their larvae (Resetarits 1996 , Blaustein 1999 . Recently dried and refilled ponds generally contain available nutrients for amphibian and invertebrate larvae and can offer reduced competition and predation in comparison to more permanent breeding sites (Wilbur 1997) . For these reasons, many species have adapted to preferentially breed in ephemeral ponds (Wilbur and Collins 1973 , Werner 1986 , Newman 1992 , Griffiths 1997 , Blaustein and Schwartz 2001 .
Another strategy for increasing offspring success is the ability of adults to detect aquatic predators and avoid breeding in ponds where they are present. This strategy does not offer the increased resources and reduced competition associated with selecting for ephemerality. However, it may be a more reliable way of reducing the risk of predation to offspring without increasing risk of offspring mortality due to pond desiccation (Wilbur 1997) . Adult females of a range of invertebrate species preferentially select predator-free waterbodies as sites to deposit their eggs (Chesson 1984 , Berendonck 1999 , Angelon and Petranka 2002 , Blaustein et al. 2004 ). Experiments offering a choice between artificial waterbodies with and without predatory fish have demonstrated fish avoidance in female oviposition site selection in several North American anuran species (Resetarits and Wilbur 1989; Hopey and Petranka 1994; Resetarits 2002, 2003) , and in male calling site selection in at least one species (Resetarits and Wilbur 1991) . The ability of terrestrial adults to identify waterbodies containing aquatic predators appears to rely on the detection of chemicals released into the water by predators (Blaustein et al. 2004 , Takahashi 2007 , Schulte et al. 2011 .
Although predators can have a strong indirect effect on larval distributions by influencing where adults choose to breed, studies examining the relationship between the distributions of amphibian larvae and their predators generally attribute the lack of overlap between the 2 to direct predation (Tyler et al. 1998 , Knapp and Matthews 2000 , Hamer and Parris 2013 . This is particularly the case for studies that are focused on exotic predators because amphibians that lack an evolutionary history with a particular predator have not had the opportunity to develop specific defense mechanisms to evade it (Kats and Ferrer 2003) . Predation of larvae by exotic predators, particularly fish, is listed as a major cause of amphibian population declines and extinction events on a global scale Storfer 2003, Kats and Ferrer 2003) . Although direct predation is therefore a logical hypothesis to explain the negative association between amphibian larvae and exotic predators, there are 2 other hypotheses that could potentially contribute to this pattern. One is that adults are selecting ephemeral waterbodies as breeding sites, which are less likely to contain predators. The other is that adults are able to detect predators and avoid breeding in ponds where they occur. If adults do have a preference for ephemeral or predator-free waterbodies, this will have strong implications for the management of amphibian species that are threatened by exotic fish.
For example, one of the major recommendations for the recovery of threatened pond-breeding amphibians is the provision of ephemeral waterbodies that periodically dry (Semlitsch 2002) . In cases where existing ponds do not dry naturally, then artificial pond draining can be used as a method of removing exotic fish (Maezono and Miyashita 2004) . This type of management strategy would theoretically be beneficial for amphibian species that comply with any of the 3 hypotheses described above, although having a clear understanding of the mechanism responsible for this would allow managers to tailor the regime and increase its effectiveness by optimizing resource allocation. For species that select ephemeral ponds for breeding, pond draining may encourage breeding even if ponds do not contain exotic fish. If adults avoid breeding in ponds with fish, draining a subset of ponds could be a cost effective way to increase reproductive success and recruitment because frogs would be less likely to breed in undrained ponds where fish remain. The most appropriate management strategy for species where neither type of breeding site selection occurs may be to direct resources to drain as many ponds as possible, to prevent high losses of eggs and tadpoles to fish predation. Other methods of fish removal such as the use of piscicides (Walston and Mullin 2007) and gill nets (Knapp et al. 2007 ) may provide effective alternative methods of fish removal in some situations but would not encourage breeding in species that select ponds based on ephemerality rather than the absence of fish, as pond draining would.
In addition to exploring the mechanisms underlying the negative relationship between tadpoles and predatory fish, there is a need for experimental field studies that trial pond draining and examine its effectiveness as a method of increasing amphibian reproductive success. We had the opportunity to address both of these areas of uncertainty by examining the effect of draining ponds to temporarily remove the eastern gambusia (Gambusia holbrooki) on a population of the green and golden bell frog (Litoria aurea). The eggs and larvae of bell frogs are highly susceptible to predation by this exotic fish (Morgan and Buttemer 1996, Pyke and White 2000) , which is listed as a key threatening process for this species (Department of Environment and Conservation 2005). Previous research has concluded that bell frog tadpoles are rarely found in ponds containing gambusia largely because of direct predation (Mahony 1993 , Pyke and White 2000 . However, the lack of co-occurrence could result because adult bell frogs may preferentially breed in ephemeral waterbodies (Pyke and White 1996) , which are less likely to contain gambusia. A third hypothesis is that adult bell frogs may be able to detect and avoid breeding in ponds with gambusia.
Our objective was to establish whether direct predation alone is responsible for the frequently observed negative relationship between the distributions of green and golden bell frog tadpoles and gambusia, or if a preference of adult frogs to breed in ephemeral or predator-free ponds may also be playing a role. Secondly, we investigated whether draining ponds to remove gambusia is effective in increasing the reproductive success of green and golden bell frogs.
STUDY AREA
Sydney Olympic Park covers 600 ha of land in New South Wales (NSW), Australia (33851 0 S, 15184 0 E) that has historically been used for a range of industrial purposes that greatly altered the landscape and underwent an intensive urban renewal program throughout the 1990s (Darcovich and O'Meara 2008, Pickett et al. 2013) . Since the green and golden bell frog was confirmed at this site, management objectives have focused on increasing the amount of bell frog habitat, including the construction of 21 large clay-based ponds across a 20-ha area collectively called Narawang Wetland (Fig. 1) 
METHODS
The bell frog population located at Sydney Olympic Park is one of the largest remaining in NSW and is listed as a key population for the persistence of this species (Department of Environment and Conservation 2005). This once common species began to experience large-scale declines in the 1970s and is now listed as endangered in NSW under the Threatened Species Conservation Act 1995 and as vulnerable nationally under the Environmental Protection and Biodiversity Conservation Act 2000. Factors suggested to have played a role in these declines include infection by the amphibian chytrid fungus (Batrachochytrium dendrobatidis), habitat alteration, and predation by the eastern gambusia, which was introduced to Australia in the 1920s ).
Pond Draining
The ponds at Narawang Wetland are connected to a water reticulation system and can be drained by pumping water from a sump located at the bottom of each pond. From 2003 to 2011, we drained an average of 8 of the 21 ponds (range ¼ 6-13) annually between August and October. We timed draining so that it occurred just prior to the bell frog peak breeding season, which runs from November to February, to maximize the likelihood of ponds remaining free from gambusia throughout the coming breeding season. Because of constraints of the water reticulation system, we grouped some ponds into small clusters of 2 or 3 ponds that could not be drained independently of each other. This meant that the selection of ponds to be drained could not be randomized; however, we drained a different combination of ponds each year so that we drained each pond an average of 3 times (range ¼ 1-5) over the 9-year study period. The temporal switching of individual ponds between treatment groups was an important aspect of our study design because it allowed for the control of other variables, such as pond size and vegetation composition. We drained ponds yearly because flooding events allowed gambusia from a nearby creek to recolonize ponds by the following winter at the latest. Once drained, we attempted to keep ponds dry for 4 to 6 weeks so that the mud at the bottom dried out completely and became cracked, to minimize the probability of gambusia remaining. After the drying period, we refilled drained ponds with fish-free water. We considered draining to be successful if there was dry, cracked mud across the entire pond, with no pools of water remaining. We classified ponds into 1 of 4 treatments for analysis: not drained, drained with no fish (if the pond was successfully drained and gambusia had not recolonized the pond by the time of bell frog surveys), drainedthen-recolonized (if the pond was successfully drained and gambusia recolonized the pond prior to bell frog surveys), or unsuccessfully drained (if the pond had not completely dried, potentially not removing the gambusia).
Field Surveys
Capture encounter surveys for bell frogs occurred between 2000 and 0400 hours !3 times/year between November and April, from 2003-2004 to 2011-2012 . For the first 5 years of the study, we conducted frog surveys only at a subset of the 21 ponds (11 ponds in 2003-2004, 8 in 2004-2005, 11 in 2005-2006, 11 in 2006-2007, and 15 in 2007-2008) . For the last 4 years, we surveyed all 21 ponds. Surveys involved searching the emergent vegetation around the perimeter of each pond and attempting to capture all bell frogs seen. Searchers placed a plastic bag over their hands prior to capture and then inverted the bag around the frog so that it was contained in the bag. After each pond search, we measured the snout-vent length (SVL) of captured frogs and determined their sex. We classified frogs with SVL <45 mm as juveniles and frogs with SVL !45 mm as males if they had nuptial pads and as females if they did not. We also recorded the number of frogs seen and total search effort (pond search time Â no. searchers). We conducted an auditory survey immediately before the commencement of each capture encounter survey. When we arrived at each pond, we listened and counted the number of male bell frogs, and then we imitated the bell frog call and listened again. We recorded the maximum number of frogs calling at any one time before or after call imitation for each pond. We conducted bell frog tadpole and gambusia surveys concurrently with each frog survey. From the [2003] [2004] season to [2005] [2006] , surveys involved repeatedly sweeping a dip net through the pond and recording the number of tadpoles and gambusia caught. We retained captured individuals in a tub of water until the end of each survey to prevent them from being captured more than once. We also recorded the number of dip-net sweeps at each pond, which was relative to pond size ( x ¼ 13 sweeps/pond, range ¼ 2-50). From 2006 From -2007 From to 2011 From -2012 , we supplemented dip-net surveys with minnow-trap surveys, in which we tied traps baited with yellow glow sticks to the emergent vegetation in each pond before nightfall. We emptied the traps the following morning and recorded the number of tadpoles and gambusia per trap. We recorded the number of traps set per pond, which was again relative to pond size ( x ¼ 8 traps/pond, range ¼ 2-30). We classified a pond as containing gambusia at the time of each frog survey if we detected gambusia during the concurrent tadpole and fish survey session. Animal surveys were approved by the University of Newcastle Care and Ethics Committee (ACEC no. A-2008-165) and conducted under a Scientific License from NSW National Parks (SL100092).
Statistical Analysis
We examined 6 response variables: the abundance of juvenile, male, and female bell frogs, the abundance of calling male bell frogs, the abundance of tadpoles, and the abundance of gambusia. Our primary explanatory variable was pond-draining status, which consisted of the 4 treatments described previously. For gambusia and tadpole abundance, dip-netting data were too sparse for analysis because of the low number of individuals caught, so analysis was based solely on trapping data from 2006 to 2012. However, we still used dip-netting data to determine if gambusia were present when bell frog surveys occurred. Because unsuccessful pond draining was relatively rare, a scarcity of data for this treatment group meant that we could not analyze the abundance of gambusia and tadpoles at unsuccessfully drained ponds. We also could not include drained fish-free ponds in analyses of gambusia abundance because these ponds by definition all had abundances of 0. We used the R software system (version 2.15.1) to fit Poisson regression, negative binomial, zero-inflated Poisson and zero-inflated negative binomial models from the pscl package (R Core Development Team 2012) and chose the most appropriate model for each response variable by determining if the response variables were affected by overdispersion or zero inflation. We identified overdispersion first using the residual deviance divided by the degrees of freedom in the Poisson regression models and we confirmed it with a significant overdispersion term in the negative binomial model. We identified zero inflation by the significance of the terms in the zero portion of zero-inflated models. Because we detected overdispersion for all response variables and zero inflation for some, we used either the negative binomial or zero-inflated negative binomial model for all variables (Zuur et al. 2009 ). We added the month and year of surveys as additional explanatory variables to control for seasonal effects and differences among years. We used likelihood ratio tests to determine if either of these variables were significant, and if not we excluded them from the final model. We also added the total search time of capture encounter surveys as an explanatory variable into all models for frog abundance (with the exception of calling male abundance, which did not require an offset) and the number of traps set per pond for fish and tadpole abundance (Table 1) . We expressed model effects as rate ratios, which are the ratio of the predicted abundance for the effect of interest (the 3 drained pond treatments) divided by the predicted abundance for the reference treatment (undrained ponds). We controlled the familywise type 1 error rate at a ¼ 0.05 to account for multiple comparisons between the pond-draining treatments by adjusting the significance level using the Bonferroni correction. For the response variables that we were able to evaluate across all 4 draining treatments (i.e., M, calling M, F, juvenile abundance), we set a at 0.05/6 ¼ 0.0083. For tadpole abundance, we were only able to compare 3 draining conditions, so there was no need to adjust the significance level from 0.05. This was because the model output showed that the pond-draining variable had a significant overall effect on this response variable, and therefore there was at most only one null hypothesis that could have been true (Howell 2012 ). There was also no need to adjust the significance level for gambusia abundance because we could only make 2 comparisons for this response variable. Fig. 2a ), followed by drained-then-recolonized ponds (2.18 times more than an undrained pond, 95% CI ¼ 1.47-3.22, P 0.001). Male abundance was lowest for undrained and unsuccessfully drained ponds, with no significant difference between these draining conditions (P ¼ 0.13). There were more male bell frogs at drained ponds with no fish than there were at drained-then-recolonized ponds (P ¼ 0.005), and at drained-then-recolonized ponds (P 0.001) and drained fish-free ponds (P 0.001) compared with unsuccessfully drained ponds. The effect of draining and fish on calling male frogs followed a similar pattern (Fig. 2b) , with calling male abundance highest at drained fish-free ponds (13.6 times more than an undrained pond, 95% CI ¼ 4.66-39.6, P 0.001), followed by drained-then-recolonized ponds (2.45 times more than an undrained pond, 95% CI ¼ 1.38-4.35, P ¼ 0.002). Abundance was lowest for undrained and unsuccessfully drained ponds, with no significant difference between these draining conditions (P ¼ 0.71). There were more calling male bell frogs at drained ponds with no fish than there were at drained-then-recolonized ponds (P 0.001), and at fish-free drained ponds than at unsuccessfully drained ponds (P 0.001). The difference between calling male abundance at drained-then-recolonized ponds compared with unsuccessfully drained ponds did not reach significance (P ¼ 0.03).
Of all the life stages studied, draining had the strongest effect on the distribution of bell frog tadpoles, which again followed the same pattern as general male and calling male bell frog abundances (Fig. 2c) . Tadpole abundance was 142.5 times higher in ponds that were drained and remained fishfree than in undrained ponds (95% CI ¼ 12.3-1,651, P 0.001). Ponds that were drained-then-recolonized had 7.64 times as many tadpoles as undrained ponds (95% CI ¼ 1.19-49.2, P ¼ 0.03). Tadpole abundance was higher in drained ponds that remained fish free compared to drainedthen-recolonized ponds (P ¼ 0.02). Draining did not significantly affect the abundance of juvenile or female bell frogs at the site (Table 2 ).
DISCUSSION
Our results suggest that male bell frogs are able to detect the presence of gambusia and avoid ponds containing them when selecting breeding sites. The different responses of calling males to each of the 3 conditions where ponds were drained are evidence for this: fish-free ponds were most favored, followed by ponds with reduced fish abundance, and unsuccessfully drained ponds were least favored. Although it is likely that unsuccessfully drained ponds would have had similar fish abundances to undrained ponds because they did not become completely dry to remove gambusia, this could not be confirmed because of a scarcity of data. Figure 2 . The rate ratios of the abundance of male green and golden bell frogs (a), calling males (b), and tadpoles (c) for each of the 3 treatments where ponds were drained (unsuccessfully drained ponds could not be analyzed for tadpoles) at Narawang Wetland, Sydney Olympic Park, Sydney, Australia, 2003 . Undrained ponds are the reference treatment, given a value of 1 (represented by the horizontal line on the y-axis). Error bars show 95% confidence intervals.
Male amphibian avoidance of larva predators in the selection of breeding sites has received less attention than that of female amphibians. As far as we are aware, only 2 North American (Resetarits and Wilbur 1991 , Shulse et al. 2013 ) and 1 South American (Schulte et al. 2011) anuran species have been demonstrated to have this ability through the experimental exclusion of predators. From an evolutionary perspective, the ability of adults to detect risks to their offspring and to avoid breeding in ponds where risk is high should be strongly selected for because it would increase offspring survival and in turn fitness (Resetarits 1996, Kiesecker and Blaustein 1999) . This theory implies the presence of a shared evolutionary past between the predator and prey species, which is true for all 3 frog species referenced above. Our study is novel in that the predator studied was not introduced into Australia until the 1920s, and yet male bell frogs still appear to be able to detect and avoid this exotic fish. A potential explanation is that bell frogs evolved the ability to detect native predatory fish species, using a cue that is also applicable to gambusia (e.g., chemical released as the result of metabolic processes). A negative correlation between calling male spadefoot toads (Pelobates fuscus) and the presence of an exotic crayfish (Pacifastacus leniusculus) has also been reported in the field (Nystrom et al. 2002) , suggesting that other frog species may be able to detect exotic predators. This response was detectable in a complex natural system in that study and the current study, where many other factors must also influence breeding site choice, which suggests that predator avoidance can be a very strong influence of breeding site selection for anurans. We were unable to confirm whether female bell frogs also avoid gambusia when selecting breeding sites because we never observed ovipositing at the study site. The abundance of previously deposited egg masses or tadpoles cannot be used as an accurate measure of where females have chosen to deposit eggs because their absence may reflect high levels of predation (Ritke and Mumme 1993) . To address this, previous studies have used smaller artificial pools, where the predators of interest were restrained by cages and all other predators were excluded Resetarits 2002, 2003) . Although the distribution of female bell frogs in this study did not demonstrate fish avoidance, this does not necessarily reflect an inability to detect fish. Females lay large egg masses with up to 11,000 eggs in a single spawning event (van de Mortel and Goldingay 1998) , and therefore would only need to spend a relatively small amount of time occupying potential breeding sites during the breeding season; the rest of the time, they may select ponds that are favorable for general habitat use. By comparison, individual males may call for many nights throughout the breeding season to maximize their chance of finding a mate, which could explain our finding that the distribution of males was heavily influenced by gambusia. Male bell frogs generally call while floating partly submerged within ponds (Pyke and White 2001) . Although the movement of amplectant bell frogs over land has been observed (Pyke and White 2001) , a previous study that took place within 2 km of our study site observed 25 amplectant pairs of bell frogs for an average of 22.8 hours (AE15.7 SD) and none moved between ponds (Christy 2000) . This suggests that there is a strong correlation between male calling and oviposition sites.
One limitation of our study is that the effect of gambusia on bell frog abundance could not be examined in the absence of other larva predators. The ponds also contain native fish species including eels (Anguilla reinhardtii, Anguilla australis) and several species of gudgeon (Hypseleotris spp.), and invertebrates including backswimmers (Notonectidae) and dragonfly and damselfly larvae (Odonata), all of which have been observed to prey on frog eggs or tadpoles White 2001, Werner et al. 2007 ). However, a laboratory study has previously reported that gudgeon have far lower predation rates than gambusia (Pyke and White 2000) , and in addition gudgeon did not reach densities remotely close to that of gambusia at our study site; the highest number of gudgeon trapped in a single pond was 76, in comparison to 867 gambusia. Eels are able to move across land between waterbodies (Tesch 1977 ) and the invertebrate predators present have mobile life stages, which should allow them to rapidly colonize new ponds (Gooderham and Tsyrlin 2002) . Although these factors suggest that an avoidance of gambusia by male bell frogs is the most likely explanation for our findings, they may have been responding to other predators at the study site. Studying male breeding site choice in an artificial, simplified environment where gambusia are the only predators present would help to address this, although it should be noted that small-scale studies do not always provide an accurate representation of natural behavior (Marsh and Borrell 2001) .
Pond draining is carried out at Narawang Wetland each year with the goal of increasing the reproductive success of bell frogs by temporarily removing gambusia. We found that draining achieves this goal by increasing tadpole abundance in fish-free ponds to over 140 times that of undrained ponds. However, a small amount of this increase may be attributed to tadpole detectability, which is increased by 4.3 times if gambusia are absent compared to present, using the method of minnow trapping (Sanders et al. 2015) . Even in cases where gambusia recolonized drained ponds prior to the beginning of the breeding season, on average the abundance of tadpoles in these ponds was still increased 7-fold. Only in cases where ponds could not be completely dried because of adverse weather was there no conservation benefit for the funds spent on this management action. Although pond draining did not influence the distribution of juvenile frogs, this is likely to be due to the rapid dispersal of bell frogs away from their home ponds soon after metamorphosis, which has been observed at our study site (Bower et al. 2012 ) and for other bell frog populations (van de Mortel and Goldingay 1998, Goldingay and . Our results can help explain other field studies that have shown that bell frog tadpoles are generally found in fish-free waterbodies (Pyke and White 1996; Pyke et al. 2002 Pyke et al. , 2008 . The dramatic increase in tadpole abundance as the result of gambusia removal demonstrates that the presence of this exotic predator greatly reduces the habitat quality of ponds as bell frog breeding sites. However, our findings also suggest that male selection of fish-free breeding sites may mitigate the severity of egg and tadpole predation by gambusia to a certain degree. The extent to which predation by gambusia can be implicated in bell frog declines currently remains unresolved (Mahony 1999; Hamer et al. 2002a,b; Goldingay 2008; Mahony et al. 2013) ; perhaps it depends largely on whether bell frogs have access to at least a small number of fish-free ponds where successful breeding and recruitment can occur, which is not the case at some locations White 1996, Lewis and . Regardless, gambusia removal is a relatively cost effective way of increasing reproductive success and recruitment, which could assist in making populations more resilient to other threats that are more logistically difficult to mitigate, such as the amphibian chytrid fungus and habitat fragmentation . Investigation into whether other Australian frogs that are threatened by gambusia are also able to detect and avoid this exotic species is necessary to accurately assess the extent to which predation by this species has contributed to amphibian declines throughout the continent.
MANAGEMENT IMPLICATIONS
Pond draining to remove gambusia is an effective strategy that can be used to dramatically increase the breeding success of the green and golden bell frog and potentially many other frog species that are threatened by exotic predatory fish. Exotic fish removal can have a beneficial impact even in situations where fish recolonize waterbodies before amphibian breeding has commenced, probably because of a reduction in fish abundance. Even in cases where all available ponds cannot be drained because of limitations of resources or logistical difficulties, draining a subset of ponds could still greatly increase the reproductive success of bell frog populations because male bell frogs can avoid selecting ponds inhabited by gambusia as breeding sites. In cases where artificial pond draining is not viable, the provision of ephemeral waterbodies that dry naturally could be used to provide fish-free breeding sites. Because male bell frogs responded to the absence of fish rather than the process of draining itself, alternative methods of fish removal may also be effective. We suggest that further investigation into whether other amphibians can detect exotic predators would assist in the design of effective recovery plans for threatened species. LITERATURE CITED
